The amino terminus of class II G protein-coupled receptors plays an important role in ligand binding and receptor activation. Understanding of the conformation of the amino-terminal domain of these receptors has been substantially advanced with the solution of nuclear magnetic resonance and crystal structures of this region of receptors for corticotrophin-releasing factor, pituitary adenylate cyclase-activating polypeptide, and gastric inhibitory polypeptide. However, the orientation of the amino terminus relative to the receptor core and how the receptor gets activated upon ligand binding remain unclear. In this work, we have used photoaffinity labeling to identify a critical spatial approximation between residue five of secretin and a residue within the proposed third extracellular loop of the secretin receptor.
This was achieved by purification, deglycosylation, cyanogen bromide cleavage, and sequencing of labeled wild-type and mutant secretin receptors. This constraint has been used to refine our evolving molecular model of secretin docked at the intact receptor, which for the first time includes refined helical bundle and loop regions and reflects a peptide-binding groove within the receptor amino terminus that directs the amino terminus of the peptide toward the receptor body. This model is fully consistent with the endogenous agonist mechanism for class II G protein-coupled receptor activation, where ligand binding promotes the interaction of a portion of the receptor amino terminus with the receptor body to activate it.
Class II guanine nucleotide-binding protein (G protein)-coupled receptors are an important family of potential drug targets that are activated by natural peptide ligands greater than 25 residues in length (Ulrich et al., 1998) . All of these agonist ligands possess diffuse pharmacophoric regions, with critical residues spread throughout the length of the peptides. This provides the opportunity to define spatial approximation between such ligand residues and distinct residues within its receptor because ligand and receptor are normally bound to each other. It has been remarkable that probes incorporating photolabile residues throughout the pharmacophore of secretin-27, in positions 6, 12, 13, 14, 18, 21, 22, 23 , and 26, each covalently labeled distinct residues that are restricted to the amino-terminal region of the secretin receptor, without labeling the receptor transmembrane core (Dong et al., 1999a (Dong et al., ,b, 2000 (Dong et al., , 2002 Zang et al., 2003) . This was interpreted as suggesting that there is a peptidebinding platform within the amino-terminal domain of this receptor (Dong et al., 2006) . To date, only probes with photolabile residues at the amino terminus of secretin have covalently labeled the receptor core (Dong et al., 2004a) .
This has not provided adequate constraints to meaningfully align the receptor amino-terminal domain with the receptor core region in a molecular model of the intact secretin receptor. An initial attempt at this was recently performed based on a limited set of observations, including the proposed spatial approximation between a motif within the receptor amino terminus and its third extracellular loop region (Dong et al., 2006) . That model was further tested and was compared with models incorporating two alternative orientations of these two secretin receptor domains reflecting recent reports of proposed orientations for other members of the class II G protein-coupled receptor family (Grace et al., 2004 (Grace et al., , 2007 Sun et al., 2007) in a report using quantitative fluorescence resonance energy transfer (FRET) analysis to establish the distances between residues at distinct sites within the docked secretin ligand and residues within each of the extracellular regions of the receptor (Harikumar et al., 2007) . Although this provided a general validation of the molecular model of the secretin receptor that had been proposed (Dong et al., 2006) , the large sizes of the fluorescence donors and acceptors that were used, their potential for disruption of normal structures, and the relatively long distances established in that work precluded detailed refinement of the molecular model. Subsequently, another higher resolution and more extensive crystal structure for the amino terminus of another class II G protein-coupled receptor, the receptor for gastric inhibitory polypeptide, was reported (Parthier et al., 2007) . This provided opportunity for improved homology modeling of this important receptor domain.
In the current work, we have used intrinsic photoaffinity labeling with a secretin analog incorporating a p-benzoyl-Lphenylalanine (Bpa) moiety into position five to experimentally identify a new spatial approximation constraint between a key residue within the secretin pharmacophore and a residue within the third extracellular loop of the secretin receptor. This constraint turned out to represent a key new contribution to better establish the orientation of the ligand docked to the receptor amino terminus relative to the receptor core. These data have been used to generate an updated homology model of the receptor amino terminus and to further refine our evolving molecular model of the secretinreceptor complex. For the first time, we have refined the helical bundle and loop regions of this three dimensional molecular model. We have also used a new, more generalizable modeling approach that simultaneously applied the full battery of experimentally derived constraints to determine the best conformation now possible. We believe that this is fully consistent with all experimentally generated data to date and that it helps provide insights into a theme for peptide agonist ligand docking and activation of these receptors.
Materials and Methods
Materials. Cyanogen bromide (CNBr), the solid-phase oxidant N-chlorobenzenesulfonamide (iodobeads), and m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester were purchased from Pierce Chemical Company (Rockford, IL). Phenylmethylsulfonyl fluoride (PMSF), 3-isobutyl-1-methylxanthine, and N-(2-aminoethyl-1)-3-aminopropyl glass beads were from Sigma-Aldrich Life Sciences (St. Louis, MO). Soybean trypsin inhibitor (STI) and tissue culture medium were from Invitrogen (Carlsbad, CA). Secretin and endoglycosidase F were prepared in our laboratory, as we have described previously (Pearson et al., 1987) . All other reagents were of analytical grade.
Synthetic Peptides. The secretin-like probe, (Bpa 5 ,Tyr 10 )rat secretin-27 (Bpa 5 probe), was designed to incorporate a photolabile Bpa in position 5 to replace a threonine located within the aminoterminal half of the ligand and a tyrosine in position 10 to replace a leucine that has previously been shown to be well tolerated (Gardner et al., 1977; Kofod, 1991) . This probe and another secretin analog to be used as a radioligand, (Tyr 10 )secretin, were synthesized using the procedures described previously (Powers et al., 1988) . These peptides were radioiodinated oxidatively using 1 mCi of Na 125 I and exposure to the iodobead solid-phase oxidant for 15 s and were purified using reversed-phase high-performance liquid chromatography to yield specific radioactivities of 2000 Ci/mmol (Powers et al., 1988) . Receptor Sources. A Chinese hamster ovary cell line stably expressing the wild-type rat secretin receptor was used as source of receptor (CHO-SecR) (Ulrich et al., 1993) . This cell line expresses approximately 12.5 ϫ 10 4 receptor molecules per cell (M.D. and L.J.M., unpublished data). It was cultured at 37°C in a 5% CO 2 environment on tissue culture plasticware (Falcon; BD Discovery Labware, Bedford, MA) in Ham's F-12 medium supplemented with 5% Fetal Clone-2 (HyClone Laboratories, Logan, UT). Cells were passaged twice a week and lifted mechanically before use.
Two new secretin receptor mutants were prepared to introduce additional sites for CNBr cleavage in the fourth and seventh transmembrane segments (TM4 and TM7) of the receptor. These represented receptor constructs with His 256 to Met (H256M) in TM4 and Leu 360 to Met (L360M) in TM7. Both constructs were prepared using an oligonucleotide-directed approach with the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA), with the products verified by direct DNA sequencing (Sanger et al., 1977) . They were expressed transiently in COS-1 cells (American Type Culture Collection, Manassas, VA) after transfection using a modification of the DEAE-dextran method (Holtmann et al., 1996) . Cells were harvested mechanically 72 h after transfection.
A particulate fraction enriched in plasma membranes was prepared from the receptor-expressing cells using discontinuous sucrose gradient centrifugation . Membranes were suspended in Krebs-Ringer/HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM KH 2 PO 4 , and 1.2 mM MgSO 4 ) containing 0.01% STI and 1 mM PMSF, and were stored at Ϫ80°C until they were to be used in ligand binding and photoaffinity labeling studies.
Receptor Binding Studies. The Bpa 5 probe was characterized to test its ability to bind the secretin receptor. This was performed with membranes from the CHO-SecR cells in competition-binding assays, using conditions that have been previously established . In brief, increasing concentrations of the Bpa 5 probe or secretin ranging from 0 to 1 M were incubated with approximately 10 g of membranes in the presence of a constant amount of the radioligand, ( 125 I-Tyr 10 )secretin (5-10 pM), in 500 l of KRH medium containing 0.01% STI, 1 mM PMSF, and 0.2% bovine serum albumin for 1 h at room temperature. After the incubation, the membrane-bound radioligand was separated from free radioligand with a Skatron cell harvester (Molecular Devices, Sunnyvale, CA), using receptor-binding filtermats that had been presoaked in 0.3% hexadimethrine bromide. Bound radioactivity was quantified using a ␥-spectrometer. Nonspecific binding was determined in the presence of 1 M unlabeled secretin and represented less than 15% of total binding. Data were graphed using the Prism program (GraphPad Software, San Diego, CA) and were analyzed using the nonlinear least-squares curve-fitting program LIGAND (Munson and Rodbard, 1980) . Analagous binding procedures were used to characterize binding of the H256M and L360M secretin receptor mutants expressed in COS-1 cells.
Biological Activity Assays. The Bpa 5 probe was characterized to test its ability to stimulate biological responses in secretin receptor-bearing CHO-SecR cells. This was studied by quantification of intracellular cAMP accumulation. For this, 50,000 cells per well were plated in 24-well plates and cultured for 72 h. Cells were washed twice with phosphate-buffered saline and stimulated for 30 min at 37°C with increasing concentrations of the Bpa 5 probe or secretin (0-1 M) in 200 l of KRH medium containing 0.01% STI, 0.2% bovine serum albumin, 0.1% bacitracin, and 1 mM 3-isobutyl-1-methylxanthine. The reaction was terminated by removing the peptide solution and adding 400 l of 6% (w/v) ice-cold perchloric acid. After vigorous agitation for 15 min, the cell lysates were adjusted to pH 6.0 with 30% KHCO 3 and were cleared by centrifugation at 2000 rpm for 5 min. The supernatants were used for cAMP quantification in a [
3 H]cAMP competition-binding assay using a kit from Diagnostic Products Corporation (Los Angeles, CA) per the manufacturer's instructions. Radioactivity was quantified by scintillation counting in a liquid scintillation counter (LS6000; Beckman Coulter, Fullerton, CA). Similar procedures used with COS-1 cells expressing the H256M and L360M secretin receptor mutants.
Photoaffinity Labeling. This was conducted using 50 g of membranes and approximately 0.1 nM 125 I-labeled Bpa 5 probe in 500 l of KRH medium containing 0.01% STI and 1 mM PMSF in the presence of increasing amounts of competing secretin. Incubations were performed for 1 h in the dark at room temperature and reactions were then exposed to photolysis for 30 min at 4°C using a Rayonet Photochemical Reactor (Southern New England Ultraviolet Co., Bradford, CT) equipped with 3500-Å lamps. After being washed twice with 1 ml of ice-cold KRH medium, membranes were solubilized in SDS sample buffer and component proteins were separated by gel electrophoresis on 10% SDS-polyacrylamide gels (Laemmli, 1970) . Labeled products were visualized by autoradiography. The apparent molecular masses of radiolabeled bands were determined by interpolation on a plot of the mobility of ProSieve protein standards (Lonza Rockland, Rockland, ME) versus the log values of their apparent masses. Band densitometry was performed by the National Institutes of Health ImageJ software (http://rsb.info.nih.gov/ij/).
Analogous photoaffinity labeling procedures were also performed using membranes from COS-1 cells expressing the H256M and L360M secretin receptor mutants in the absence and presence of 1 M competing secretin. For selected experiments, the affinity-labeled secretin receptor and its relevant fragments were deglycosylated with endoglycosidase F using the conditions described previously .
CNBr Cleavage. For localization of regions and sites of covalent labeling, larger aliquots of receptor-bearing membranes, approximately 200 g, and probe, approximately 0.5 nM 125 I-labeled Bpa 5 probe, were used. After electrophoresis, labeled receptor bands were excised from gels, eluted in water, lyophilized, and precipitated with 85% ethanol. Purified labeled receptor was solubilized in 60 l of 0.1% SDS and digested with CNBr using conditions described previously (Dong et al., 1999b) . For selected experiments, purified labeled receptor was deglycosylated with endoglycosidase F before CNBr cleavage. Products were separated on 10% NuPAGE gels (Invitrogen, Carlsbad, CA) using MES running buffer, and labeled bands were visualized by autoradiography. The apparent molecular masses of radiolabeled receptor fragments were determined by interpolation on a plot of the mobility of Multimark protein standards (Invitrogen) versus the log values of their apparent masses. Radiochemical Sequencing. After achieving definitive identification of the receptor fragment that was labeled by the Bpa 5 probe, radiochemical sequencing was used to determine the specific receptor residue covalently labeled by the probe. For this, the labeled secretin receptor was purified and cleaved as described as above. The labeled Glu 345 -Ile 429 CNBr fragment from the wild-type secretin receptor was gel-purified to radioactive homogeneity before being covalently coupled through Cys 367 to maleimidobenzoyl succinimideactivated N-(2-aminoethyl-1)-3-aminopropyl glass beads. Manual cycles of Edman degradation were repeated, as has been reported previously (Ji et al., 1997) , and the radioactivity released in each cycle was quantified using a ␥-spectrometer.
Molecular Modeling. All molecular modeling activities for this project were conducted using a stochastic global energy optimization procedure that has been implemented in internal coordinate mechanics (ICM) . This procedure consisted of three iterative steps: 1) random conformational change of a dihedral angle according to the biased-probability Monte Carlo method ; 2) local minimization of all free dihedral angles; and 3) acceptance or rejection of the new conformation based on the Metropolis criterion at the simulation temperature, usually at 600 K (Metropolis et al., 1953) . This approach can generate and search through diverse sets of molecular conformations by actively sampling a selected set of dihedral angles. All calculations were carried out on 2.33 GHz Intel Dual Core XEON-EMT processors.
Conformations of the amino-terminal domain of the rat secretin receptor were determined by homology modeling, based on both the NMR distance constraints of the mouse CRF2␤ receptor aminoterminal domain that were recently deposited in PDB (Grace et al., 2007) and on the crystal structure of the amino terminus of the gastric inhibitory polypeptide receptor that was reported subsequently (Parthier et al., 2007) . The latter was particularly important to add features such as the helical segment in the distal end of the receptor amino terminus that had not been well refined in the earlier NMR models. These structures were used as templates and constraints to generate an up-to-date static homology model of the structurally and functionally important amino-terminal domain of the secretin receptor. All side chains were sampled.
To build a model of the transmembrane helical bundle domain of the secretin receptor, we used the "cold-spot" method with the crystal structure of the human ␤2-adrenergic receptor as template (Cherezov et al., 2007) . Because class I and II G protein-coupled receptors have clear differences in the positions and absence or presence of proline-induced kinks in their transmembrane helices, we tethered the intracellular sides of the helices up to the positions of the perceived differences, and the extracellular sides of the helices were allowed to pack themselves during the modeling process. The long modeling runs likely reflect the relative uncertainty in the positions of the extracellular sides of the helices. The three extracellular and three intracellular loops of the secretin receptor were subsequently built as full atomic models, with their ends tethered to a static copy of the helical bundle to maintain loop closure. The rest of the helical region was represented by grid maps. The backbone and side chains of the loops were then sampled on the grid representation of the transmembrane helical region. After simulation, a full atomic model of the transmembrane domain was constructed by connecting the helical bundle with the loops in one continuous chain. The 100 best energy conformations were retained and used in subsequent simulations.
The initial conformation of secretin to be used in docking was taken from a previous solution-phase NMR determination of the porcine secretin structure (Clore et al., 1988) , with Arg 14 modified to Gln 14 , the residue present in this position in rat secretin. All side chains were sampled and minimized.
Docking of the Amino-Terminal Domain of the Secretin Receptor to the Transmembrane Domain of the Secretin Receptor. The carboxyl-terminal tail of the amino-terminal domain of the secretin receptor was tethered to a static copy of the top of TM1 of this receptor. A pentasaccharide Man 3 GlcNAc 2 was attached to Asn 50 to mimic its N-linked glycosylation state. A loose distance restraint was set between the WDN sequence and the top of the transmembrane domain. The amino-terminal domain was then docked to the grid representation of the transmembrane domain by Monte Carlo sampling of the six positional variables and minimization of all the side chain variables. For each of the 100 initial transmembrane domain conformations, 100 diverse amino-terminal domain docking poses were generated. These docking poses were evaluated by ICMPocketFinder . The conformations containing a small molecule/peptide binding pocket having the largest volumes and shortest distances to the photoaffinity labeled residues were selected. A total of 100 full receptor conformations were retained for peptide docking.
Docking of the Secretin Peptide to the Full Secretin Receptor. The secretin peptide was first docked to the grid representation of the full receptor in the presence of 10 distance restraints set between the C ␤ of the secretin peptide and the amino-terminal domain: peptide 
2) The three extracellular loops of the transmembrane domain were represented by full atomic models with flexible backbone and side chains. The ends of each of the loops were tethered to the top of the helices.
3) The tops of the helices were represented by full atomic models with fixed backbone and flexible side chains. 4) The rest of the transmembrane domain was represented by grid maps.
In each refinement, the receptor amino-terminal domain was first truncated to include only residues from Arg 9 to Arg 112 . Arg 112 was tethered to the top of TM1 to maintain closure. We did not use the previously reported spatial approximation constraint between Gln 14 in the peptide and Pro 38 in the receptor, because that had been established with a p-benzoyl-benzoyl-L-lysine photolabile moiety that is larger and more distant from the normal peptide backbone than the Bpa moiety and that the efficiency of covalent attachment with this probe was less than 1% of that observed with all the other probes . In addition, a subset of 300 NMR restraints of the CRF2␤ receptor amino-terminal domain was imposed on the residues that are conserved between the secretin receptor and the CRF2␤ receptor.
The secretin peptide/receptor complex was refined by progressive sampling of the positional variables of the peptide and the receptor amino-terminal domain, the backbone variables of the receptor extracellular loops and Gly 34 -Cys 44 of the receptor amino-terminal domain, followed by sampling of all side chain variables of the system. Subsequently, the highly flexible Ala 1 -Pro 8 segment of the receptor amino-terminal domain was built back into the model. The backbone and side-chain conformations of this flexible region were sampled.
Finally, the whole system was subjected to side-chain sampling and backbone minimization. The best energy conformation for each of the 100 independent simulations was used to generate a full atomic one-chain model by connecting the amino-terminal domain, the top of the helices, the extracellular loops, and the rest of the transmembrane domain. Each independent simulation typically lasted for 50 h. The health of the models was established by PRO-CHECK and WHAT_CHECK evaluations (Laskowski et al., 1993; Hooft et al., 1996) .
Results
Probe Characterization. The Bpa 5 probe was synthesized and purified as described under Materials and Methods, with its identity verified by matrix-assisted laser desorption/ ionization-time-of-flight mass spectrometry. It bound to the secretin receptor saturably and specifically, with affinity slightly lower than that of natural secretin. This was demonstrated by its ability to compete for the binding of the secretin-like radioligand to the secretin receptor ( Fig. 1 ) (K i values: secretin, 2.7 Ϯ 0.1 nM; Bpa 5 probe, 7.7 Ϯ 1.0 nM). This probe was also a full agonist, stimulating CHO-SecR cells to accumulate cAMP in a concentration-dependent manner, reaching a maximal level that was not different from that stimulated by natural secretin (Fig. 1) . It had potency slightly lower than that of secretin (EC 50 values: secretin, 0.06 Ϯ 0.01 nM; Bpa 5 probe, 0.13 Ϯ 0.01 nM). Photoaffinity Labeling of the Secretin Receptor. As shown in Fig. 2 , the Bpa 5 probe was able to covalently label the secretin receptor specifically and saturably, with the covalent labeling competed by secretin in a concentrationdependent manner (IC 50 ϭ 29.8 Ϯ 6.1 nM). A single labeled band migrated at approximate M r ϭ 70,000 and shifted to approximate M r ϭ 42,000 after deglycosylation with endoglycosidase F, as expected for this receptor. No radioactive band was observed when non-receptor-bearing parental CHO cell membranes were treated the same way.
Identification of Labeled Receptor Region. CNBr was used to provide an initial indication of regions of labeling by the Bpa 5 probe based on its ability to quantitatively cleave a protein at the carboxyl side of component Met residues. The secretin receptor contains nine Met residues; CNBr cleavage should, therefore, yield ten fragments ranging in molecular mass from 1 to 11 kDa, three of which contain sites of glycosylation (Fig. 3) . As shown in Fig. 3 , CNBr cleavage of the labeled native and deglycosylated secretin receptor bands resulted in both labeled fragments migrating at approximate M r ϭ 13,000. Taking into account the molecular mass of the attached probe (3228 Da) and the nonglycosylated nature of the labeled band, the receptor fragment labeled could be limited to two candidates. These were the fragments extending from TM3 to the third intracellular loop (Ala 206 -Met 299 highlighted in gray in Fig. 3 ) or extending from the third extracellular loop to the carboxyl-terminal tail (Glu 345 -Ile 429 highlighted in black in Fig. 3 ).
To definitively identify the region of labeling by the Bpa 5 probe, two secretin receptor mutant constructs were prepared, H256M and L360M, with each introducing an additional Met residue within one of the candidate photolabeled fragments. Both receptor mutants bound secretin and signaled similarly to the wild-type receptor (Fig. 4 ). They were also specifically and saturably labeled with the Bpa 5 probe (Fig. 5) . CNBr cleavage of the labeled H256M receptor mutant yielded a labeled fragment that migrated at approximate M r ϭ 13,000 on a 10% NuPAGE gel, similar to that coming from the wild-type receptor. In contrast, CNBr cleavage of the labeled L360M receptor mutant yielded a much smaller fragment migrating at approximate M r ϭ 5000, consistent with the fragment Glu 345 -Met 360 including the labeled probe (Fig. 5) . Taken together, these data indicate that the Glu 345 -Ile 429 fragment was the domain of labeling with the Bpa 5 probe. Furthermore, this clearly established that the site of labeling was within the small segment be- Figure 6 shows the profiles of eluted radioactivity in which a peak was found in cycle 5, corresponding to the labeling of receptor residue Phe 349 within the third extracellular loop.
Molecular Modeling.
We recently reported models of secretin docked to the secretin receptor that are consistent with data from previous photoaffinity labeling and fluorescence resonance energy transfer experiments Harikumar et al., 2007) . We now incorporate substantial changes to the previous models that have resulted in significant improvements. For this, we have generated an up-todate homology model of the rat secretin receptor aminoterminal domain, based on more recently deposited NMR constraints of the mouse CRF2␤ receptor (Grace et al., 2007) Fig. 2. Photoaffinity labeling of the secretin receptor. Left, representative autoradiographs of 10% SDS-polyacrylamide gels used to separate the products of photoaffinity labeling of plasma membranes from CHO-SecR cells with the Bpa 5 probe in the presence of increasing concentrations of competing unlabeled secretin. As a control, absence of labeling of the nonreceptor-bearing CHO cell membranes in the absence of competitor is also shown. The labeled secretin receptor migrated at approximate M r ϭ 70,000 that shifted to approximate M r ϭ 42,000 after deglycosylation by endoglycosidase F (EF). No bands were detected in affinity-labeled non-receptor-bearing CHO cell membranes. Right, densitometric analyses of three similar independent experiments, with data points expressed as means Ϯ S.E.M. Fig. 3 . CNBr cleavage of the labeled secretin receptor. Left, a diagram of the predicted sites of CNBr cleavage of the rat secretin receptor, along with the masses of protein cores of these fragments. Right, a representative autoradiograph of a 10% NuPAGE gel used to separate the products of CNBr cleavage of the secretin receptor labeled with the Bpa 5 probe. CNBr cleavage of the labeled wild-type receptor yielded a fragment migrating at approximate M r ϭ 13,000. Cleavage of the labeled receptor deglycosylated with endoglycosidase F (EF) resulted in a fragment also migrating at approximate M r ϭ 13,000. These data are consistent with two candidates representing the fragments that include the second extracellular loop (gray circles) and the third extracellular loop and TM7 (bold circles).
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at ASPET Journals on June 16, 2017 molpharm.aspetjournals.org and on the crystal structure of the amino terminus of the gastric inhibitory polypeptide receptor (Parthier et al., 2007) . The latter provides key details of the structure of the distal ends of the amino terminus that had not been resolved in the NMR structures. We have also generated a refined homology model for the transmembrane helical bundle that incorporates the extracellular loop regions, explicitly allowing these regions to be flexible, starting with a structure based on the ␤2-adrenergic receptor (Cherezov et al., 2007) . This provided a more open conformation of the extracellular loops than had been present previously with the rhodopsin structure. Given current concepts of the importance of these loops for peptide binding, this provided a useful starting point for modeling.
We have docked secretin to 100 diverse conformations of the full receptor, using a series of experimentally derived constraints that are clearly described under Materials and Methods. The energetically most attractive models fell into two general groups of docked structures. These had the peptide docked either into a groove above the ␣-helical segment of the distal amino terminus of the receptor or below the same segment, situating the peptide adjacent to the transmembrane helical region of the receptor. The latter docking pose provided substantial contact between portions of the peptide and regions of the receptor core that have not been confirmed by photoaffinity labeling, provided more solvent accessibility than was observed in the fluorescence probe experiments (Harikumar et al., 2006) , and placed the carboxyl terminus and mid region of the peptide closer to the receptor core than has been suggested by secretin receptor FRET studies (Harikumar et al., 2007) . The models with the peptide in the groove above the helical segment, with the peptide amino terminus directed toward the receptor core region, were generally consistent with all previous experimental constraints. In careful quantitative evaluation of these models, the best model in this series, as determined by ICM global energetics is illustrated in Fig. 7 . Table 1 demonstrates that the distances between the photolabile residues within secretin as docked in this model and the receptor residues labeled by each of the ten probes were fully consistent with the expectations of photoaffinity labeling in such experiments. This model also satisfied all of the FRET distances and all of the structure-activity considerations that currently exist (Harikumar et al., 2007) . 5 . Photoaffinity labeling and CNBr cleavage of the mutant secretin receptors. Left, a representative autoradiograph of a 10% gel used to separate the products of photoaffinity labeling of the H256M and L360M mutant secretin receptors by the Bpa 5 probe in the absence and presence of 1 M competing secretin. Similar to experiments with wild-type receptor (WT), both receptor mutants were affinity-labeled saturably and specifically, with the labeled receptor migrating at approximate M r ϭ 70,000. Right, CNBr cleavage of the labeled receptor mutants. Like that of the wild-type receptor, the cleavage product of the labeled H256M receptor mutant migrated at approximate M r ϭ 13,000, whereas that from the L360M mutant receptor shifted its migration to approximate M r ϭ 5000. Bottom, theoretical sites and masses of expected fragments resulting from CNBr cleavage of the L360M receptor mutant (shown is the Glu 
Discussion
The major function of a membrane receptor is to bind an extracellular agonist ligand and to initiate intracellular signaling. The key for this to happen is the induction of a conformational change in the region of the receptor that interacts with its proximal effectors. For members of the G protein-coupled receptor superfamily, the helical bundle domain is critical for G protein coupling. This superfamily includes a remarkable spectrum of structurally diverse natural ligands, extending from small odorants and biogenic amines to small peptides, large glycoproteins, and even to viral particles. The organization of families of G proteincoupled receptors correlates nicely with these structural features of the natural ligands. Each family has evolved unique mechanisms for ligand binding and transmitting the effect of that binding to its helical bundle domain.
For the class II G protein-coupled receptors, it is now well established that ligand binding occurs primarily via the long and structurally complex, disulfide-bonded amino-terminal domain (Jü ppner et al., 1994; Cao et al., 1995; Holtmann et al., 1995; Gourlet et al., 1996a,b; Dong et al., 2004b) . Although we now have good insights into the structure of the amino-terminal domain of some of these receptors, based on the NMR structure of the amino terminus of the CRF2␤ receptor (Grace et al., 2004 (Grace et al., , 2007 and on the crystal structure of the amino terminus of the gastric inhibitory polypeptide receptor (Parthier et al., 2007) , our insights into the helical bundle of receptors in this family are less clear. Based on primary sequence analysis and charge and hydrophobicity of conserved residues, the structure of the helical bundle of class II G protein-coupled receptors has been predicted to be quite distinct from that of rhodopsin and other class I G protein-coupled receptors (Frimurer and Bywater, 1999; Fredriksson et al., 2003; Foord et al., 2005) .
In the current study, we have begun to refine our understanding of the helical bundle and core loop domains of the prototypic secretin receptor. These are the regions of this receptor that are essential for interaction with its aminoterminal domain that has been shown to be critical for the binding of natural ligands. Although we have a low resolution understanding of the relative orientation of the amino terminus with the helical bundle domain of this receptor Harikumar et al., 2007) , the number of experimentally derived constraints linking these two domains has been very limited. One such constraint includes the requirement for contiguity of the peptide backbone be- tween regions, with the carboxyl-terminal residue of the receptor amino terminus joined with the amino-terminal residue of the helical bundle domain, just above TM1. Another constraint that has been described for several members of this receptor family is the spatial approximation of the amino terminus of natural ligands with the third extracellular loop region above TM6 (Bisello et al., 1998; Dong et al., 2004a; Dong et al., 2004c) . The most recent addition to this list is the spatial approximation of the endogenous agonist sequence within the amino terminus of the secretin receptor, WDN, with the same general region of the receptor (Dong et al., 2006) . Our previous report of a preliminary global model of secretin-occupied secretin receptor used photoaffinity labeling data for residues approximated with residues within the receptor amino terminus, and other less quantitative insights, such as peptide structure-activity considerations and the spatial approximations described above. It is noteworthy that that preliminary model and its general orientation of the receptor amino terminus with the transmembrane helical bundle was further supported by fluorescence resonance energy transfer measurements between four residues distributed throughout the secretin pharmacophore and four residues within distinct regions of the secretin receptor Harikumar et al., 2007) . In that study, three quite distinct orientations of the amino terminus relative to the transmembrane helical bundle that were based on the existing proposals in the literature (Grace et al., 2004 (Grace et al., , 2007 Sun et al., 2007) were compared, and this orientation was determined to be the best. Although this approach was generally confirmatory, the relatively long distances and the bulky nature of the fluorophores used did not provide higher resolution refinement.
The current report adds more recently acquired residueresidue approximation constraints between residues at the amino terminus of secretin and the body of the secretin receptor (Dong et al., 2004a) , as well as a new critical distance constraint between a photolabile residue in position five of the docked peptide and the third extracellular loop of the receptor. Because spatial constraints between a position along the secretin peptide and a residue in a region of the secretin receptor other than its amino terminus have been so rare, this provided key data that were particularly helpful in refining the current model. These data are analogous to the photoaffinity labeling of the third extracellular loop of the calcitonin receptor using a position eight calcitonin analog probe (Dong et al., 2004c) . The currently proposed model uses recently released, better-refined NMR structures of the CRF2␤ receptor amino terminus (Grace et al., 2007) and an even better refined crystal structure of the amino terminus of the gastric inhibitory polypeptide receptor (Parthier et al., 2007) , a more refined homology model of the helical bundle region using a recently published crystal structure of the human ␤-2-adrenergic receptor as template (Cherezov et al., 2007) , as well as our first effort for refinement of extracellular loop domains of the secretin receptor.
There are three notable points to emphasize. First, in previous models the extracellular and intracellular loops of this receptor were either absent or were predefined through PDB search and were fixed during peptide docking. In the current model, the loops were fully flexible and sampled during simulation. Second, in previous models, the amino-terminal domain of the receptor was first connected to the transmembrane domain, and the secretin peptide was subsequently docked to one final conformation of the full receptor. As a result, the amino-terminal domain was virtually fixed during peptide docking, thus limiting the peptide docking site available in the model. In the current model, 10,000 initial conformations of the full receptor were generated, 100 of which were selected for subsequent peptide docking on the basis of identification of a viable peptide-binding site using the ICMPocketFinder algorithm . This drastically increases the sampling space. Finally, because of the nature of Monte Carlo simulation in internal coordinate mechanics, which moves the atoms downstream of the sampled variable, the highly flexible distal end of the amino terminus was not efficiently sampled in previous models. In the current model, the distal end of the amino terminus was added in the second stage of the simulation and was sampled independently, using a reverse Monte Carlo procedure that moves the atoms upstream of the sampled variable. This resulted in a much more efficient sampling of the distal end of the amino terminus, reflected in better-satisfied distance restraints to this region. The final distances between the C ␤ atoms of the cross-linked residues in secretin and in the secretin receptor for the best model in the series were all between 6.7 and 9.3 Å, well within the reach of any of the photoaffinity labeling groups employed in the specific probes that have been used. This allows for the rotational flexibility of the side chains involved, as well as for the 3.1-Å limit that has been proposed to achieve efficient cross-linking with analogous probes.
In the current best model, secretin lies in a binding cleft within the secretin receptor amino terminus with the peptide amino terminus directed toward the receptor body. Within this cleft, the carboxyl-terminal third of the peptide is in an ␣-helical conformation that is parallel to an ␣ helix within the receptor. Multiple photoaffinity labeling constraints support a helix-helix interaction for this region (Dong et al., 1999b (Dong et al., , 2000 (Dong et al., , 2002 . This is followed by the mid-region of the peptide that has sites of photoaffinity labeling that alternates between the distal amino terminus and other portions of the receptor amino terminus. This is consistent with the mid-region and carboxyl terminus of secretin being relatively protected from quenching by hydrophilic agents, as demonstrated in fluorescence studies (Harikumar et al., 2006) . The distal amino terminus of the peptide is directed toward the third extracellular loop of the receptor, with two distinct photoaffinity labeling constraints (Dong et al., 2004a ) that support a terminal loop structure at the end of at ASPET Journals on June 16, 2017 molpharm.aspetjournals.org the helical portion of the peptide. As we learned from the fluorescence studies, the distal amino terminus of secretin is highly exposed to the solvent, lying between the protection of the binding cleft and the receptor body.
We believe that the currently proposed model of secretin docked to its receptor represents the most comprehensive and best model that has yet been reported, and as such will enhance the design of future experiments that will be critical for our understanding of the structure and mechanism of activation of this receptor. Nonetheless, there remain critical areas for future improvement of this model that include refinement of the helical bundle to account for the predicted differences between class II and class I receptor structure, improved modeling of the extracellular loops of the receptor that is dependent on final positioning of the transmembrane helices and additional constraints on the positioning of the receptor amino terminus relative to the receptor core.
